(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 

(43) International Publication Date 
23 May 2002 (23.05.2002) 




PCT 



HniiiMiiiniiiinnH 

(10) International Publication Number 

WO 02/41447 Al 



(51) International Patent Classification 7 : H01 Q 15/00 

(21) International Application Number: PCT/US0 1/3 1283 

(22) International Filing Date: 4 October 2001 (04.10.2001) 

(25) Filing Language: English 

(26) Publication Language: English 
(30) Priority Data: 

09/713,119 14 November 2000 (14.11.2000) US 

(63) Related by continuation (CON) or continuation-in-part 
(CIP) to earlier application: 

US 09/713,119 (CON) 

Flled on 14 November 2000 (14.1 1.2000) 

(71) Applicant (for all designated States except US): HRL 
LABORATORIES, LLC [US/US]; 3011 Malibu Canyon 
Road, Malibu, CA 90265-4799 (US). 

§ (72) Inventors; and 

j (75) Inventors/Applicants (for US only): SCHAFFNER, 
j James, H. [US/US]; 10560 Alabama Avenue, Chatsworth, 



CA 9131 1 (US). SIEVENPIPER, Daniel [US/US]; 1 1300 
Exposition Boulevard, #215, Los Angeles, CA 90064 
(US). 

(74) Agents: BERG, Richard, P. et al.; LADAS & PARRY, 
5670 Wilshire Boulevard, Suite 2100, Los Angeles CA 
90036-5679 (US). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, PH, PL, PT, RO, RU, SD, SE, SG, SI, 
SK, SL, TJ, TM, TR, TT, TZ, UA, UG, US, UZ, VN, YU, 
ZA, ZW. 

(84) Designated States (regional): ARTPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian 
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European 
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, 
IT, LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF, 
CG, CI, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, 
TG). 

[Continued on next page] 



g BANDS 6 ' A TEXTURED SURFACE HAVING HIGH ELECTROMAGNETIC IMPEDANCE IN MULTIPLE FREQUENCY 



Tf 




14 20A 



same TheT h a lmpedance su ^<=e having a reflection phase of zero in multiple frequency bands and a method of making 
from the Ig ]mpedance surface includes a ground plane; a plurality of conductive plates disposed in a first array spaced a distance 
constant- a^d 1 r thed,Stance bein S Jess than a wavelength of the radio frequency beam, said first array having a first lattice 
elements d fi * P y of condui =tive elements associated with said plurality of conductive plates, said plurality of conductive 
ennmg a second array, said second array having a lattice constant greater than the lattice constant of the first array. 



WO 02/41447 Al IIIIIIIIIIIIIMIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIllllllI 



Published: For two-letter codes and other abbreviations, refer to the "Guid- 

— with international search report once Notes on Codes and A bbreviations " appearing at the begin- 

— before the expiration of the time limit for amending the ning of each regular issue of the PCT Gazette, 
claims and to be republished in the event of receipt of 

amendments 



WO 02/41447 



PCT/US01/31283 



A Textured Surface Having High Electromagnetic Impedance in Multiple Frequency 

Bands 

Technical Field 

5 

This invention relates to the field of antennas, and particularly to the area of high impedance 
("Hi-Z") surfaces and to dual band, or multiple frequency band antennas. 

Background of the Invention and References to Related Applications 

) 

A high impedance (Hi-Z ) surface is a ground plane which has been provided with a special 
texture that alters its electromagnetic properties. Important properties include the 
suppression of surface waves, in-phase reflection of electromagnetic waves, and the fact that 
thin antennas may be printed or otherwise formed directly on the Hi-Z surface. 

An embodiment of a Hi-Z surface is the subject of a previously filed PCT application of D. 
Sievenpiper and E. Yablonovitch, "Circuit and Method for Eliminating Surface Currents on 
Metals", serial number PCT/US99/06884, published as WO99/50929 on October 7, 1999. 
Several improvements have been described in recently filed PCT patent applications, 
including serial number PCT/US00/3503 1 for "A Polarization Converting Reflector" filed 
December 22, 2000; serial number PCT/USO 1/09895 entitled "An End-Fire Antenna or Array 
on Surface with Tunable Impedance" filed March 28, 2001; and serial number 
PCT/US01/00855 entitled "An Electronically Tunable Reflector" filed January 10, 2001, the 
disclosures of ail of which are hereby incorporated herein by this reference. 

This invention relates to techniques that extend the usefulness a Hi-Z surface by providing it 
with multiple-band operation, while preserving the inherent symmetry of the structure. This 
is an important development because it will allow for thin antennas operating in multiple 
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bands. For example, one antenna could cover both GPS bands (1 .2 and 1 .5 GHz). A single 
antenna could also cover both the PCs band at 1.9 GHz, and the unlicensed band at 2.4 GHz, 
which is becoming increasingly important for such platforms as Bluetooth, new portable 
phones, and satellite radio broadcasting. 

5 

■ The present invention permits multiple band antennas to be much thinner than an ordinary 
Hi-Z surface having the same overall bandwidth, and also extends the maximum possible 
bandwidth of such surfaces by allowing them to have multiple high-impedance bands. 

1 0 A high impedance (Hi-Z) surface consists of a flat sheet of metal covered by a periodic 
texture of metal plates which protrude slightly from the flat sheet. The Hi-Z surface is 
usually constructed as a two-layer or three-layer printed circuit board, in which the metal 
plates are printed on the top layers, and connected to the flat ground plane on the bottom 
layer by metal plated vias. One example of such a structure, consisting of a triangular lattice 
1 5 of hexagonal metal plates, is shown in Figure 1 (the printed circuit boards are omitted in 

Figure 1 for the sake of clarity in depicting the conductive elements). The metal plates have 
finite capacitance due to their proximity to their neighbors. They are linked by conducting 
paths which include the vias and the lower metal plate, and these paths contribute inductance. 
The result is a pattern of LC resonators, whose resonance frequency depends on the 
20 geometry of these elements. Each pair of adjacent metal plates in combination with their 

plated metal vias and the metal ground plane define a "cell" of the Hi-Z surface. A typical Hi- 
Z surface can have hundreds or even thousands of such cells. 

The conventional high-knpedance surface shown in Figure 1 consists of an array of identical 
25 metal top plates or elements 1 0 disposed above a flat metal sheet or ground plane 1 2. It can 
be fabricated using printed circuit board technology with the metal plates or elements 10 
formed on a top or first surface of a printed circuit board and a solid conducting ground or 
back plane 12 formed on a bottom or second surface of the printed circuit board. Vertical 
connections are formed as metal plated vias 14 in the printed circuit board, which connect the 
30 elements 1 0 with the underlying ground plane 12. The vias 14 are centered on elements 1 0. 
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The metal members, comprising the top plates 10 and the vias 14, are arranged in a two- 
dimensional lattice of cells, and can be visualized as mushroom-shaped or thumbtack-shaped 
members protruding slightly from the flat metal surface 12. The thickness of the structure, 
which is controlled by the thickness of substrate 16, which is preferably provided by a 
5 printed circuit board, is much less than one wavelength X for the frequencies of interest. The 
sizes of the elements 10 are also kept less than one wavelength X for the frequencies of 
interest. The printed circuit board 16 is not shown in Figure 1 for ease of illustration, but it 
can be readily seen in Figure 2a. A large number of metal top plates may be utilized in forming 
a Hi-Z surface and only a small portion of the array of top plates 10 is shown in Figure 1 for 
1 0 ease of illustration. 

This structure has two important properties. It can suppress surface waves from propagating 
across the ground plane, and it provides a high surface impedance, which allows antennas to 
lie flat against it without being shorted out. However, these two properties only occur over a 
5 particular- frequency band. The frequency and bandwidth of the high impedance region can be 
tuned by varying the capacitance and the inductance of the surface. The inductance depends 
on the thickness, which directly determines the bandwidth. The bandwidth is equal to 2itt/X, 
where t is the thickness, and X is the wavelength at resonance. For structures operating in the 
range of tens of GHz, a few millimeters of thickness provides bandwidth approaching an 
) octave. However, for the important frequency regimes of S-band, and L-band, this thickness 
provides a bandwidth of only 1 0-20%. For UHF frequencies, several centimeters of thickness 
t provide no more than a few percent bandwidth. 

Multiple band antennas often do not need to cover the entire frequency range spanning all 
bands of interest. However, with a multiple band Hi-Z surface such as that described herein, 
it is possible to cover several narrow bands that are separated by relatively wide bands of 
unused frequencies. In fact, this may be advantageous for suppressing out-of-band 
interference. For multiple band antennas, it is desirable to have a surface which provides a 
high impedance condition in multiple bands, where the bandwidth of each individual band is 
much less than the total frequency separation between them. This results in a thinner 
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structure than one designed to cover all bands simultaneously, and can also suppress 
reception in other undesired signals. This is illustrated by Figures 2a and 2b. Figure 2a shows 
a conventional two layer Hi-Z surface 1 with a relatively thick dielectric substrate 16. Figure 
2a- 1 is a diagram of the single band gaps afforded by the Hi-Z surface of Figure 2a. Figure 2b 
5 shows an embodiment of a Hi-Z surface according to the present invention. Figure 2b- 1 is a 
diagram of the two band gaps afforded by the Hi-Z surface of Figure 2b. The combined 
thickness of the two substrates 16 and 22 of the embodiment of Figure 2b is less than the 
thickness of substrate 1 6 typically used in the prior art with Hi-Z surfaces. 

1 0 Since the dual band embodiment of Figure 2b has two bands each of which has a relatively 
small bandwidth compared to the embodiment of Figure 2a, the dual band Hi-Z surface of 
Figure 2b can be significantly thinner than the prior art structure of Figure 2a. Thus dual band 
Hi-Z surface is both thinner than a comparable prior art surface, it is also better at 
suppressing out-of-band interference. 

15 

Techniques for producing multiple band Hi-Z surfaces might be summarized as providing 
multiple resonant structures in which local asymmetry splits a single mode into multiple 
modes, so that different internal regions of the Hi-Z surface can be identified with each 
distinct resonance. An important feature of these multiple band Hi-Z surfaces is that they are 
20 able to retain the same degree of overall symmetry as a traditional, single-band Hi-Z surface, 
although often with a larger unit cell size. This can be important because it has been found 
experimentally that conventional Hi-Z surfaces with at least threefold rotational symmetry 
allow a surface-mounted antenna to have any desired orientation without affecting the 
properties of the received or transmitted wave. Thus, using symmetrical structures simplifies 
25 the design of certain types of antennas, such as beam-switched diversity antennas. 

Conversely, if polarization control or adjustment is desired, the symmetry of the surface can 
also be broken, as is described PCT patent application serial number PCT/USOO/35031 noted 
above. This may be useful, for example, to allow conversion between linear and circular 
polarization. The present invention can be used with both symmetrical Hi-Z structures and 
30 with non-symmetrical Hi-Z structures. 
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In one aspect the present invention provides a high impedance surface having a reflection 
phase of zero in multiple frequency bands, the high impedance surface comprising: a ground 
plane; a plurality of conductive plates disposed in a first array spaced a distance from the 
5 ground plane, the distance being less than a wavelength of the radio frequency beam, said first 
array having a first lattice constant; and a plurality of conductive elements associated with 
said plurality of conductive plates, said plurality of conductive elements defining a second 
array, said second array having a lattice constant which can be the same as, or different than, 
the lattice constant of the first array. 

10 

The plurality of conductive elements can be provided by another array of conductive plates 
and/or by an array of conductive members which couple the plurality of conductive plates 
disposed in a first array to the ground plane. 

15 In another aspect the present invention provides a method of making a high impedance 
surface exhibit a zero phase response at multiple frequencies, the method comprising the 
steps of: defining a high impedance surface having a ground plane and a plurality of 
conductive plates disposed in a first array spaced a distance from the ground plane, the 
distance being less than a wavelength of the radio frequency beam, defining a plurality of 
20 conductive elements associated with said plurality of conductive plates, said plurality of 

conductive elements connecting said plurality of conductive plates to said ground plane; and 
locating each of said plurality of conductive elements spaced a distance from a geometric 
center of an associated conductive plate and with all conductive elements associated with 
predetermined clusters of conductive plates being spaced in a direction pointing towards a 
25 common point for a given cluster. 



Brief Description of the Figures 
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Figure 1 is a perspective view of a conventional Hi-Z surface; 

Figure 2a is a side sectional view of a conventional Hi-Z surface having a relatively thick 
dielectric layer and a diagram of the single band gap afforded by the surface; 

5 

Figure 2a- 1 is a graph of the single wide band gap of the Hi-Z surface of Figure 2a; 

Figure 2b is a side sectional view of a Hi-Z surface in accordance with the present invention 
having a relatively thin dielectric layer; 

) 

Figure 2b- 1 is a diagram of the two band gaps afforded by the Hi-Z surface of Figure 2b; 

Figure 3a depicts a conventional Hi-Z surface in plan view, showing the vias centered in their 
respective top plates; 

Figure 3b is a graph of the reflection phase of the surface depicted in Figure 3a and described 
herein, the reflection phase being characterized by a single resonance where the phase crosses 
through zero; 

Figure 4a depicts an embodiment of a Hi-Z surface having two resonances caused by shifting 
the locations of the vias into clusters of four vias, thereby doubling the lattice constant of the 
structure; 

Figures 4b - 4d are graphs of the reflection phase for three arrangements of the embodiment of 
Figure 4a, the vias being relocated by different distances from the geometric centers of the top 
plates in each embodiment; 

Figures 5a - 5c are side elevational views of different embodiments of multiple band Hi-Z 
surfaces; 
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Figure 6a is a schematic plan view of a three layer Hi-Z surface similar to that.depicted by 
Figure 2b; 

Figure 6b is a section view through the three layer Hi-Z surface of Figure 6a taken along line 
5 6b - 6b depicted on Figure 6a; 

Figure 7 is a graph of the reflection phase for an arrangement of the embodiment of Figures 6a 
and 6b; 

1 0 Figure 8a is a schematic plan view of a another embodiment of a three layer Hi-Z surface; 

Figure 8b is a section view through the three layer Hi-Z surface of Figure 81 taken along line 
8b - 8b depicted on Figure 8a; and 

1 5 Figure 9 is an L-C equivalent circuit for the two layer Hi-Z surface disclosed herein showing 
how the invention operates in such a surface from a rather general perspective. 



Detailed Description of the Preferred Embodiments 



20 



A conventional Hi-Z surface was simulated using HFSS software, for comparison to the new 
structures described herein. A conventional structure, shown in plan view in Figure 3a, was 
constructed as an array of top elements 10 each 150 mils (3.8 mm) square arranged on a 160 
25 mil (4.06 rrim). lattice and disposed on a substrate 16 (see Figure 2a) formed of 62 mil (1 .6 
mm) thick Duroid 5880 made by Rogers Corporation of Chandler, Arizona, USA. The 
conducting vias 14 were centered within the top plates 10 and each had a 20 mil (0.5 mm) 
diameter. The top plates and the bottom ground plane 12 were made of copper. For this 
analysis it was assumed that the extent of the array and the ground plane was very large and 
thus many more plates than that shown in figures typically make up an array. The HFSS 
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software indicates that this conventional Hi-Z surface had a single resonance at about 1 1 Ghz 
as can be seen from Figure 3b. The resonance can be identified as the frequency where the 
reflection phase passes through zero. At this frequency, a finite electric field is supported at 
the surface, and antennas can be placed directly adjacent to the surface without being shorted 
5 out. The practical bandwidth of the antenna is related to the slope of the phase curve and can 
be approximated as the region within which the phase falls within the range of -tc/2 to -Hrc/2. 

A Hi-Z surface can be made dual-band by moving the conductive vias 14 off the geometric 
centers of the top metal plates 10 in a manner which preserves, for example, and if desired, 
10 the original symmetry of the structure. One example of this is shown in Figure 4a where the 
vias 14, which are preferably filled with metal to render them conductive, are clustered into 
groups of four (in this embodiment) and in which neighboring vias 14 in a cluster are located 
so that they appear to have been moved in the direction of a central point 18 around which a 
group or cluster of adjacent top plates 1 0 is symmetrically arranged. This arrangement 
preserves the symmetry of this structure, but now the unit cell contains four of the previous 
cells. Another way of looking at this is to consider the lattice constants of the depicted 
structures. The lattice constant of the vias 14 is twice that of the plates 10 (i.e. the distances 
at which the geometry of the vias 14 repeats is double that of the top plates 10 considered 
alone). The preservation of symmetry is important for the radiation properties of antennas 
built on this structure and also for the creation of two separate resonances. If all of the vias 14 
are translated in the same direction, this has the effect of shifting the resonance frequency, but 
not splitting it. In that case the lattice constant of the vias 14 would be the same as that of the 
top plates 10. Furthermore, this structure is anisotropic in that the new resonance frequency 
depends on the polarization of the incoming wave. 

Using this technique of shifting or translating the vias, it is possible to provide a structure 
with two resonances, which can be varied independently. This is seen in the reflection phase 
graphs of Figures 4b-4d, in which the ratio of the two resonance frequencies is adjusted by 
varying the offset of the vias from 20 mils to 60 mils (0.5 mm to 1.5 mm). To produce the 
reflection phase graph of Figure 4b the vias 14 were offset from the centers of the top plates 
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10 by 20 mils (0.5 mm). In Figure 4b the resonance of the structure split into two resonances 
at 7.5 Ghz and 1 115 Ghz. For Figure 4c the vias 14 were offset from the centers of the top 
plates 10 by 40 mils (1.0 mm), resulting in two resonances at 7 Ghz and 13 Ghz, while for 
Figure 4d the vias 14 were offset from the centers of the top plates 10 by 60 mils (1.5 mm), 
5 resulting in resonances at 6 Ghz and 13.5 Ghz. For the embodiment of Figure 4a, the sizes 
and spacings of the top plates 1 0 and the thickness of substrate 16 was maintained at the 
same values as tested for the embodiment of Figure 3 a so that the effect of translating the vias 
14 could be isolated from other factors. 

3 More than two resonances can be created by making a more complicated lattice, in which the 
unit cell consists of more than four plates. The more internal modes in each unit cell, the more 
resonance frequencies the structure will have. Structures can also be built to have similar 
properties which are not based on a square lattice, but instead on a triangular, hexagonal, or 
other-shaped lattice. 

More complicated multi-band structures provide even greater flexibility in the construction of 
the reflection phases of the Hi-Z surfaces. Consider the side elevation views of Figures 5a - 
5c. The basic dual-band, two-layer structure with shifted vias heretofore described with 
reference to Figures 4a - 4d is schematically shown by Figures 5a. Dual-band, three-layer 
structures are shown in Figure 5b and 5c. An additional insulating layer 22 and a top metal 
layer of an array of top plates 20 have been added to increase the capacitance between cells. 
The added array of top plates 20 have their own conducting vias 15 coupling them to the 
ground plane 12. These additions have the effect of lowering the resonance frequency for a 
given thickness and also tend to reduce the bandwidth of the Hi-Z surface. The addition of 
these additional layers adds complexity which can be exploited in making multiple band Hi-Z 
structures. In the embodiment of Figure 5b only the vias 14 have been moved off center, with 
vias 15 remaining centered on their associated top plates 20. In the embodiment of Figure 5c, 
the size of top plates 20 has been adjusted so that there are two groups of plates 20, one 
group being relatively larger in size and the other group being relatively smaller in size, but the 
vias 14, 15 are all centered on there respective plates 10, 20. Both embodiments have the 

-9- 
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effect of splitting the resonance, in a similar manner as was shown for the two-layer version. 
As such the resonance of a conventional Hi-Z surface can be made to have multiple 
resonances by (i) shifting the locations of the vias off center from their associated top plates 
in clusters towards a common point or (ii) adding a layer having a lattice of conductive top 
5 plates 20 having a different sizes compared to the size of the plates 1 0 of the underlying layer 
of plates 10. Both techniques can be combined, as is shown in Figure 2b, to produce an even 
greater effect. As in the two-layer structures, more resonances can be added by making the 
unit cells more complicated. The added complexity makes the structure more expensive to 
manufacture, but the added complexity provides additional degrees of freedom for the 
1 0 designer designing a Hi-Z surface thus providing more control over the frequency and 
bandwidths of the resonances. 

In each of the structures shown herein, different physical regions can be identified as 
contributing to each individual resonance. In Figures 5a - 5c, a physical region contributing to 
1 5 the higher frequency resonance is labeled by an arrow HFR while a physical region 

contributing to the lower frequency resonance is labeled by an arrow LFR. In general, regions 
with larger capacitance or larger internal volume will result in a lower frequency resonance, 
while regions with smaller capacitance or smaller internal volume contribute to the higher 
frequency resonance. As the vias are moved and/or the plate sizes are adjusted, the sum of the 
20 capacitance and inductance is shifted from one region to another, and the uniform array of 
identical resonators are redefined into a mosaic of different resonators, which results in the 
multiple high-impedance conditions. Many degrees of freedom exist in structures of this type, 
including the ability to place more than one via in each unit cell or even on each plate, and an 
almost limitless arrangement of possible plate geometries. 

An example of a three-layer structure which embodies both shifted vias and an altered patch 
geometry is shown in Figures 6a and 6b. This exemplary three layer structure has been 
simulated using the aforementioned HFSS software. In this exemplary three layer structure, 
the substrate 16 (not shown in Figure 6a) is 62 mil (1.6 mm) thick FR4, and the insulating 
layer 22 (also not shown in Figure 6a) is 2 mil (0.05 mm) thick Kapton polyimide. This 
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structure was designed to be easily built, so the vias 14 for one layer are placed where gaps 
occur in the other layer. The layer of plates 20 includes an array of relatively larger plates 
20A and an array of relatively smaller plates 20B. The plates 20A and 20B are preferably a 
metal such as copper which is conveniently used in printed circuit board technologies and are 
5 preferably formed using printed circuit board technology on substrate 1 6. The arrays of 
plates 20A and 20B are intermixed in a repeating pattern and each array has the same lattice 
constant in this embodiment. Plates 20B, in this exemplary three layer structure, are copper 
squares having 30 mil (0.75 mm) sides while plates 20A are copper octagons sized to fill the 
remaining area with a 20 mil (0.5 mm) clearance to plates 20B. The upper layer of plates 1 0 
) are, in this example, copper squares having 1 50 mil (3 . 8 mm) sides with a 1 0 mil (0.25 mm) 
clearance between adjacent plates 10 formed on substrate 22. Also, in this exemplary three 
layer structure, the array of plates 10 is rotated 45 degrees to the array of plates 20. 

Plates 10 and 20 can be formed on their respective substrates using conventional printed 
circuit fabrication techniques, for example. The lower array of plates 20 may be electrically 
floating in this embodiment, as this does not particularly effect the electromagnetic properties 
of this embodiment of the Hi-Z surface or they may be connected to the ground plane 12 by 
metal filled conductive vias 15. The upper layer of plates 10 preferably have metal filled 
conductive vias 14 coupling plate 10 to the ground plane 16. The vias 14, in this exemplary 
three layer structure, are offset diagonally 70 mils (1.8 mm) from the centers of the plates 10. 
Tests indicate that not all of the metal filled vias 14 need be present. Indeed, tests show that 
the Hi-Z surface functions acceptably if only 50% of the metal filled vias 14 are present. 
However, since there is clearly room for the metal filled vias 14 in the exemplary three layer 
structure depicted by Figures 6a and 6b, it is believed that it is preferable to provide a via 14 
for each plate 10. A via 15 can be optionally placed in the center of each floating plate 20 
without affecting the resonance frequencies or in selected ones thereof (an optional conductive 
via is shown at numeral 15 in Figure 6b for this layer - if conductive vias 15 are used then 
likely many conductive vias 15 would be used - vias 15 are not shown in Figure 6a since they 
are optional in this embodiment). 
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This exemplary structure has two resonance frequencies which can be tuned over a broad 
range by adjusting both the plate geometry and the positions of vias 14. The reflection phase 
is shown in Figure 7 for this exemplary three layer structure, and, as can be seen by reference 
to Figure 7, the resonance frequencies occur at 1.3 GHz and 8.6 Ghz for this exemplary three 
5 layer structure. 

In this embodiment the lower layer is depicted as being an array of plates 20 of two different 
configurations of plates, namely plates 20A and plates 20B. One plate configuration 20A is 
an relatively larger octagon and the other plate configuration 20B is a relatively smaller square. 
10 Other plate configurations are certainly possible, such as, for example, an array relatively 
larger and relatively smaller circular plates or, as another example, an array relatively larger 
and relatively smaller triangular plates. In the exemplary three layer structure depicted by 
Figure 6a and 6b, the invention includes a repeating pattern or array of conducting plates 20 
having configurations of an appropriate size for the frequencies of interest and having a 
5 different lattice constant than the lattice constant of another adjacent layer of plates 10. 

Also, in this exemplary three layer structure, the layer including plates 20 is referred to as the 
lower or bottom layer while the layer including plates 10 is referred to as the top or upper 
layer. However, as an inspection of Figures 6a and 6b will reveal, either layer can be on top of 
) the other layer since there is certainly room to route conductive vias from either or both 
layers to the ground plane 12 irrespective of which layer forms the upper layer and which 
layer form the lower layer over the ground plane 12. For example, vias 15 may be provided at 
points A to connect the octagon plates 20A to the ground plane 12 and vias 15 may be 
provided at points B to connect the square plates 20B to the ground plane 12, which vias 
conveniently bypass plates 1 0 if plates 10 are arranged as the lower layer. If conducting vias 
15 are used with plates 20, then the vias 15 may be offset from the geometric centers of 
plates 20 in an manner similar to that previously discussed with reference to Figures 4a - 4d. 

Figures 8a and 8b depict another embodiment of a three-layer structure which is generally 
similar to the embodiment of Figures 6a and 6b. In this embodiment the conductive vias 14 are 
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centered on plates 10 as opposed to being shifted off-center as in the case of the embodiment 
of Figures 6a and 6b. Also, plates 10 and plates 20 (which again comprises two different sizes 
of plates, namely a subset or subarray of a relatively larger plates 20A and a subset or 
subarray of relatively smaller plates 20B both plate configurations being intermixed in a 
5 repeating pattern) have the same lattice constant. The numbering of the elements shown on 
Figures 8a and 8b is consistent with the numbering used for the embodiment of Figures 6a and 
6b and the other embodiments. A ground plate 12 is present and the plates 10, 20A and 20B 
are all disposed above it. Plates 10 are preferably disposed on insulating layer 22 while plates 
20A, 20B are preferably disposed on substrate 16. Figure 8a and 8b demonstrate that a three 
1 0 layer structure can utilize three different sizes of plates (plates 1 0 are of an intermediate size 
between the sizes of plates 20A and 20B) which all share a common lattice constant. In the 
embodiment of Figures 6a and 6b the plates have three different sizes and again plates 10 are 
of an intermediate size between the sized of plates 20 A and 20B, but in the embodiment of 
Figures 6a and 6b the lattice constant changes between the two layers of plates depicted. 

15 

In the exemplary three layer structure of Figures 8a and 8b, the layer including plates 20 is 
referred to as the bottom or lower layer while the layer including plates 10 is referred to as the 
top or upper layer. However, as an inspection of Figures 8a and 8b will reveal, either layer 
can be on top of the other layer since there is certainly room to route conductive vias from 
'-0 either or both layers to the ground plane 12 irrespective of which layer forms the upper layer 
and which layer forms the lower layer over the ground plane 12. For example, vias may be 
provided at points A to connect plates 20A to the ground plane 12 and vias may be provided 
at points B to connect the plates 20B to the ground plane 12, which vias conveniently bypass 
the plates 10 if plates 10 are arranged on the lower layer. If conducting vias are used with 
5 plates 20, then their vias may be offset from the geometric centers of plates 20 in an manner 
similar to that previously discussed with reference to Figures 4a - 4d, thereby providing still 
further flexibility. 

Plates 10 and 20 can be formed on their respective substrates using conventional printed 
circuit fabrication techniques, for example. The lower array of plates 20 may be electrically 
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floating in this embodiment, as this does not particularly effect the electromagnetic properties 
of this embodiment of the Hi-Z surface or they may be connected to the ground plane 12 by 
metal conductive vias 15. The upper layer of plates 10 preferably have metal conductive vias 
14 coupling plate 10 to the ground plane 16. The vias 14, in this exemplary three layer 
5 structure, are centered on plates 10. Tests indicate that not all of the metal vias 14 need be 
present. Indeed, tests show that the Hi-Z surface functions acceptably if only 50% of the 
metal vias 14 are present. However, since there is clearly room for the metal vias 14 in the 
exemplary three layer structure depicted by Figures 8a and 8b, it is believed that it is 
preferable to provide a via 14 for each plate 10. A via 15 can be optionally placed in the 
1 0 center of each floating plate 20 without affecting the resonance frequencies or in selected ones 
thereof (two optional conductive vias are shown at numeral 15 in Figure 8b for this layer - if 
conductive vias 15 are used then likely many conductive vias 15 would be used - vias 15 are 
not shown in Figure 8a since they are optional in this embodiment). 

5 With respect to the exemplary two insulating layer (layers 1 6 and 22) structures shown by 
Figures 6a and 6b and by Figures 8a and 8b, it has been determined that: 

(1) If both upper and lower plates are coupled by conductive vias to the 
ground plane 12, then changing the plates sizes of either set of plates will produce a 
resonance split. 

(2) If only the upper set of plates are coupled by conductive vias to the 
ground plane 12, then: (a) changing the size of the lower plates will produce a 
resonance split while (b) changing the size of the upper plates will not produce a 
resonance split. 

(3) If only the lower set of plates are coupled by conductive vias to the ground 
plane 12, then: (a) changing the size of the lower plates will not produce a resonance 
split while (b) changing the size of the upper plates will produce a resonance split. 

In other words, if only one set of plates are coupled by conductive vias to the ground plane 
12, then the size of the other plates hi the other layer should be changed in order to produce a 
resonance split. However, shifting the via locations from the geometric centers of their 
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associated plates results in a split resonance no matter which set of plates is coupled by 
conductive vias to the ground, plane 12, provided that one subset of conductive vias is shifted 
in a first direction and a second subset of conductive vias are sifted a second, different 
direction. 

Hi-Z surfaces which have only a single layer of plates can be made dual-band or multi-band 
using the same techniques of translating the vias and/or of varying the size of the plates as 
discussed above. Since the vias and the plates affect the inductance and the capacitance of the 
cavities, respectively, they have different effects on the bandwidth of the two resonances 
which are created. It has been observed that Hi-Z surfaces in which only the sizes of the 
plates are varied, have a broad lower resonance, and a narrow upper resonance. Conversely, 
Hi-Z surfaces in which only the conductive vias are moved have a narrow lower resonance 
and a broad upper resonance. In general, by controlling both the via offset position and the 
plate sizes, one can produce a dual band Hi-Z surface with resonances having generally any 
1 5 desired bandwidth ratio, and such a surface only need have a single layer of plates 1 0 

disposed adjacent a ground planel2. Furthermore, by using a more complicated geometries, 
for example, by using multiple layers of plates, some (or all) of which have multiple sizes of 
plates (and preferably different sizes of plates in adjacent layers), one can introduce 
additional resonances using these techniques to produce structures with zero reflection phase 
20 at more than two frequencies. 

In the most general sense of one aspect of this invention, this invention provides a technique 
for creating multiple resonances in a Hi-Z surface which involves altering the capacitance or 
inductance of a subset of the cells. This is illustrated in Figure 9, which depicts both the 
capacitors and the inductors being altered in every other cell 1 1 . One may choose to change 
the capacitance, the inductance, or both. In a multi-layer, two-dimensional structure, the 
capacitance is generally changed by adjusting the overlap area of the plates, while the 
inductance is changed by adjusting the via positions. However, other methods of adjusting 
these parameters can be used, such as varying the thickness or dielectric constant of the 
insulator in the capacitors, or by varying the geometry of the inductors or the material 
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surrounding the inductors. This invention is not limited to the examples given, and in general 
it includes any me of varying the capacitance or inductance of a subset of the cells in the 
periodic structure in the ways described herein, for example, to produce two or more 
resonances. 

5 

A large number of plates or elements 1 0, 20 may be utilized in forming a Hi-Z surface and 
only a small portion of the plates or elements 10, 20 forming the arrays is shown in the 
figures for ease of illustration. 

10 In the embodiments depicted in the accompanying drawings, the Hi-Z surface is depicted as 
being planar. It need not be planar in use. On the contrary, the Hi-Z surface may assume a 
non-planar configuration, if desired. For example, the Hi-Z surface may assume a shape which 
conforms to the outer surface of a vehicle, such as a automobile, truck, airplane, military tank, 
to name just as few exemplary vehicles. The Hi-Z surface, in use, typically has a plurality of 
antenna elements mounted thereon (indeed, the antenna elements may be made integral with 
the surface and thus the surface and the antennas may be very thin having a thickness under 1 
cm for example) and the Hi-Z surface may be arranged for use with terrestrial or satellite 
communication systems. A Hi-Z surface of the type disclosed herein which has at least two 
resonances and which is provided with suitable antennas effective at those resonances would 
be highly desirable for use with terrestrial vehicles (for example, automobiles) since the Hi-Z 
surface and antennas (i) would be very thin in height and could be configured to follow the 
outer shape of the roof, for example, of the vehicle (and thus be very aerodynamic and also 
effectively hide the antennas from sight as the exposed surface of the H-Z surface and 
antennas could easily conform to and mate with the outer surface configuration of the vehicle) 
and (ii) be an effective antenna for use, for example, with cellular telephone services (which 
currently occupy multiple frequency bands), and/or with direct satellite broadcast services 
(for example, television and/or radio), and/or with global satellite positioning system satellites 
and/or with internet services from terrestrial and/or satellite-based providers. Given the 
thinness of an antenna using the multiple resonant Hi-Z surface disclosed herein, the antenna 
may be used in other many other applications. One such application is an antenna in hand- 
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held cellular telephones which currently operate in two or three frequency bands. 

The antenna elements which may be used with the Hi-Z surface can be selected from a wide 
range of antenna element types. For example, the antenna elements may form simple dipole 
antennas or may form patch or notch antennas. By mixing the antenna types utilized (for 
example, one type in one frequency band and another antenna type in a different frequency 
band) the antenna can respond to different polarizations of received signals in the different 
frequencies bands and when used as a transmitting antenna, transmit different polarizations ii 
such bands. 

Having described the invention in connection with certain embodiments thereof, modification 
will now certainly suggest itself to those sMlled in the art. As such, the invention is not to be 
limited to the disclosed embodiments except as required by the appended claims. 
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CLAIMS: 

1 • A high impedance surface having a reflection phase of zero in multiple frequency 
bands, said high impedance surface including: 

(a) a ground plane; 

(b) a plurality of conductive plates disposed in a first array spaced a distance from the 
ground plane, the distance being less than a wavelength of a radio frequency in said multiple 
frequency bands, said first array having a first lattice constant; and 

(c) a plurality of conductive elements associated with said plurality of conductive 
plates, said plurality of conductive elements defining a second array, said second array having 
a lattice constant greater than the lattice constant of the first array. 

2. The high impedance surface of claim 1 wherein the lattice constant of the second array 
is an integer multiple of the lattice constant of the first array. 

3. The high impedance surface of claim 2 wherein the plurality of conductive elements 
connect at least selected ones of the plurality of conductive plates to said ground plane. 

4. The high impedance surface of claim 2 wherein the plurality of conductive elements 
connect at least a majority of the plurality of conductive plates to said ground plane. 

5. The high impedance surface of claim 4 further including a dielectric layer disposed 
between said ground plane and the plurality of conductive plates disposed in said first array, 
said plurality of conductive elements being defined by conductive vias in said dielectric layer. 

6. The high impedance surface of claim 5 further including a second plurality of 
conductive plates, the second plurality of plates being disposed in said second array and being 
spaced a second distance from said ground plane. 



The high impedance surface of claim 6 further including a second dielectric layer 
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disposed between the plurality of conductive plates disposed in said first array and the 
second plurality of conductive plates. 

8 • The high impedance surface of claim 7 further including a second plurality of 
conductive elements connecting at least selected ones of the second plurality of conductive 
plates to said ground plane. 

9. The high impedance surface of claim 8 wherein the second plurality of conductive 
elements are arranged in said second array and contact at least selected ones of the second 
plurality of conductive plates at their geometric centers. 

10. The high impedance surface of claim 8 wherein the second plurality of conductive 
elements are arranged in a third array having a lattice constant greater than said second array 

and contact at least selected ones of the second plurality of conductive plates at points 

spaced from their geometric centers. 

1 1 . The high impedance surface of any one of claims 6-10 wherein the second plurality 
of conductive plates includes a plurality of plates of a relatively larger size and a plurality of 
plates of a relatively smaller size. 

12. The high impedance surface of claim 1 1 wherein the plurality of plates of a relatively 
larger size in said second plurality of conductive plates have a generally octagonal 
configuration. 



1 3 . The high impedance surface of any one of claims 6-10 wherein the plurality of 
conductive plates disposed in said first array are of a uniform size and configuration. 

14. The high impedance surface of claim 2 wherein the plurality of conductive elements 
include a second plurality of conductive plates, the second plurality of plates being disposed 
in said second array spaced a second distance from the ground plane. 
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1 5. The high impedance surface of claim 14 further including a first dielectric layer 
disposed between the plurality of conductive plates disposed in said first array and the 
second plurality of conductive plates and a second dielectric layer disposed between said 
ground plane and the plurality of conductive plates disposed in said second array. 

16. The high impedance surface of claim 1 5 further including a plurality of conductive vias 
connecting at least selected ones of the second plurality of conductive plates to said ground 
plane. 

1 7. The high impedance surface of claim 1 5 further including a plurality of conductive vias 
connecting at least selected ones of the first plurality of conductive plates to said ground 
plane. 

1 8. The high impedance surface of claim 17 wherein the plurality of conductive vias are 
arranged in a third array to contact at least selected ones of the first plurality of conductive 
plates at their geometric centers. 

1 9. The high impedance surface of claim 1 7 wherein the plurality of conductive vias are 
arranged in a third array having a lattice constant greater than said first array and contacting at 
least selected ones of the first plurality of conductive plates at points spaced from their 
geometric centers. 

20. The high impedance surface of any one of claims 14-19 wherein the second plurality 
of conductive plates includes a plurality of plates of a relatively larger size and a plurality of 
plates of a relatively smaller size. 

21 . The high impedance surface of claim 20 wherein the plurality of plates of a relatively 
larger size in said second plurality of conductive plates have a generally octagonal 
configuration. 
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22. The high impedance surface of any one of claims 14-19 wherein the plurality of 
conductive plates disposed in said first array are of a uniform size and configuration. 

23 . A high impedance surface having a reflection phase of zero in multiple frequency 
bands, said high impedance surface including: 

(a) a ground plane on a dielectric surface; 

(b) a plurality of conductive plates disposed in an array on said dielectric surface 
spaced a distance from the ground plane, the distance being less than a wavelength of a radio 
frequency in said multiple frequency bands; and 

(c) a plurality of conductive vias in said dielectric surface, said plurality of conductive 
vias being associated with said plurality of conductive plates, said plurality of conductive vias 
defining a second array, said vias of second array being spaced from a geometric center of each 
conductive plate disposed in the first array, first selected ones of said plurality of conductive 
vias being spaced in a first direction from said geometric center and second selected ones of 
said plurality of conductive vias being spaced in a second direction from said geometric center, 
said second direction being different than said first direction. 

24. The high impedance surface of claim 23 wherein, said array of conductive plates has a 
first lattice constant and wherein the array of conductive vias also has a lattice constant, the 
lattice constant of the array of conductive plates being an integer multiple of the lattice 
constant of the array of conductive vias. 

25. The high impedance surface of claim 24 wherein the plurality of conductive vias 
connect at least selected ones of the plurality of conductive plates to said ground plane. 

26. A method of making a high impedance surface exhibit a multiple frequency zero phase 
response to an impinging radio frequency emission, said method including the steps of: 

(a) defining a high impedance surface having a ground plane and a plurality of 
conductive plates disposed in a first array spaced a distance from the ground plane, the 
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distance being less than a wavelength of the radio frequency emission, 

(b) defining a plurality of conductive elements associated with said plurality of 
conductive plates, said plurality of conductive elements connecting said plurality of 
conductive plates to said ground plane; and 

(c) locating each of said plurality of conductive elements spaced a distance from a 
geometric center of an associated conductive plate and with all conductive elements associated 
with predetermined clusters of conductive plates being spaced in a direction pointing towards 
a common point for a given cluster. 

27. The method of claim 26 further including: 

defining a second plurality of conductive plates disposed in a second array spaced 
another distance from the ground plane, the second array having a different lattice constant 
than a lattice constant of the first array. 

28. The method of claim 27 wherein the lattice constant of the second array is an integer 
multiple of the lattice constant of the first array. 

29. The method of claim 26 wherein the second plurality of conductive plates includes a 
group of relatively larger plates and a group of relatively smaller plates. 

30. A method of making a high impedance surface exhibit a multiple frequency zero phase 
response, said method including the steps of: 

(a) defining a high impedance surface having a ground plane and a plurality of 
conductive plates disposed in a first array spaced a distance from the ground plane, the 
distance being less than a wavelength of a frequency in the multiple frequency zero phase 
response, 

(b) defining a second plurality of conductive plates in a second array spaced another 
distance from the ground plane; and 

(c) defining the second array to have a different lattice constant than a lattice constant 
of the first array. 
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31. The method of claim 30 wherein the lattice constant of the second array is an integer 
multiple of the lattice constant of the first array. 

32. The method of claim 3 1 wherein the lattice constant of the second array is double the 
lattice constant of the first array 

33. The method of any one of claims 30 -32 further including: 

(d) defining a plurality of conductive elements associated with said second plurality of 
conductive plates, said plurality of conductive elements connecting said second plurality of 
conductive plates to said ground plane. 

34. The method of claim 33 further including: 

(e) locating each of said plurality of conductive elements spaced a distance from a 
geometric center of an associated conductive plate and with all conductive elements associated 
with predetermined clusters of conductive plates being spaced in a direction pointing towards 
a common point for a given cluster. 

35. The method of claim 30 wherein the first plurality of conductive plates includes a 
group of relatively larger plates and a group of relatively smaller plates. 

36. A method of making a high impedance surface exhibit a multiple frequency zero phase 
response, said method including the steps of: 

defining a ground plane; 

disposing a plurality of conductive plates in a first array spaced a distance from the 
ground plane, the distance being less than a wavelength of a radio frequency associated with a 
zero phase response of said high impedance surface, said first array having a first lattice 
constant; and 

disposing a plurality of conductive elements in a second array and associated with said 
plurality of conductive plates, said second array having a lattice constant greater than the 
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lattice constant of the first array. 

37. The method of claim 36 wherein the plurality of conductive elements in the second 
array ohmicly connect said plurality of conductive plates in the first array to said ground 
plane. 

38. The method of claims 36 or 37 wherein the plurality of conductive elements in the 
second array is defined as a second plurality of conductive plates in said second array spaced 
a distance from the ground plane, the distance being less than a wavelength of a radio 
frequency in said multiple frequency bands and the distance by which the second plurality of 
conductive plates is spaced from the ground plane being different than the distance by which 
the first plurality of conductive plates is spaced from the ground plane 

39. A high impedance surface having a reflection phase of zero in multiple frequency 
bands, said high impedance surface including: 

(a) a ground plane; 

(b) a first plurality of conductive plates disposed in a first array spaced a distance 
from the ground plane, the distance being less than a wavelength of a radio frequency in said 
multiple frequency bands; and 

(c) a second plurality of conductive plates disposed in a second array spaced a 
distance from the ground plane, the distance being less than a wavelength of a radio frequency 
in said multiple frequency bands, said second plurality containing at least two sub-arrays, 
with one sub-array having larger plates than the other sub-array. 

40. The high impedance surface of claim 39 wherein the first array has a lattice constant, 
the second array has a lattice constant, and the lattice constant of the second array is an 
integer multiple of the lattice constant of the first array. 

4 1 . The high impedance surface of claim 3 9 wherein the first array has a lattice constant, 
the second array has a lattice constant equal to the lattice constant of the first array. 



-24- 



WO 02/41447 



PCT/US01/31283 



42. The high impedance surface of claim 3 9 wherein the larger plates of said one sub-array 
are larger than the plates of said first array. 

43 . The high impedance surface of claim 39 wherein the larger plates of said one sub-array 
are smaller than the plates of said first array. 

44. The high impedance surface of claim 39 wherein the plates of said second array are 
coupled to said ground plane by conductive elements. 

45. The high impedance surface of any one of claims 39 - 44 wherein the plates of said 
first and second arrays are disposed on respective first and second dielectric substrates. 

46. The high impedance surface of claim 45 wherein the ground plane is disposed on one 
of said first and second dielectric substrates. 
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